Using advanced mass spectrometry the chemistry of ionic species present in an atmospheric pressure parallel plate dielectric barrier discharge (DBD) with a single dielectric on the powered electrode have been identified. The discharge was driven in helium with controllable concentrations of water vapour using an excitation frequency of 10 kHz and an applied voltage of 1.2 kV. Both negative and positive ions were identified and their relative intensity determined with variation of water concentration in the discharge, inter-electrode spacing, gas residence time and nominal applied power. The most abundant negative ions were of the family , with n up to 9 in both cases. Negative and positive ions responded in a similar way to changes in the operating parameters, with the particular response depending on the ion mass.
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Increasing the inter-electrode spacing and the water concentration in the discharge led to an increase in the intensity of large mass ionic water clusters. However, increasing the residence time of the species in the plasma region and increasing the applied power resulted in fragmentation of large water clusters to produce smaller ions.
Introduction
Dielectric barrier discharge (DBD) plasma sources are used in numerous applications including areas such as ozone generation [1] [2] [3] , plasma medicine [4] [5] [6] , pollution control [7] [8] [9] and surface modification [10] [11] [12] . Dielectric barrier discharges are low temperature non-equilibrium plasmas typically obtained between two parallel electrodes, one or both of which is covered with a dielectric barrier, separated by a gap ranging from 0.1 mm to several centimetres [1, 10, 13] . The area of the electrodes can range from several square millimetres and up to square meters [10, 14, 15] . DBD's are typically excited by alternating high voltages with frequencies ranging from 50 Hz up to 10 MHz, and are known to operate in either homogenous (diffusive) mode or filamentary mode [10, 13, [16] [17] [18] . In the latter case microdischarges with a radius of about 100 µm are formed [10, 12, 19, 20] . The majority of DBD sources are operated in near ambient conditions, where moisture is an important feature of the process. It is therefore important to understand the effect water vapour can have on the plasma chemistry. The discharge properties of DBD's have been studied previously using a variety of diagnostic methods such as optical emission, Fourier Transform Infra-red (FTIR), infra-red laser absorption and electrical diagnostics [14, 21] . To date, however, very little detailed analysis of the ion chemistry produced in kHz DBDs has been conducted. In contrast, there have been numerous studies concerning the ionic species present in capacitively coupled discharges at low-pressure (e.g. at few 10 -1 Pa) [22] [23] [24] . Most mass spectrometric studies of atmosphericpressure plasmas have concentrated on jet plasma plumes to sample the effluent [25, 26] rather than insitu (between the electrodes) of the active plasma region. Bruggerman et.al [27] reported the first use of mass spectrometry to measure the ionic species produced in parallel plate atmospheric pressure radio frequency glow discharge using various helium and water mixtures. Due to the discharge operating in the RF regime no dielectric barrier was required to prevent the glow-to-arc transition. As far as we know, there are no reported studies of in-situ mass spectrometric measurements of ionic species generated in audio frequency, atmospheric pressure DBD plasma. Nor is there a detailed investigation of the effect of operating parameters on the generation of ionic species and their subsequent chemistry.
Here, we present the first mass spectrometric study of negative and positive ions produced in a kHz dielectric barrier discharge under various operating conditions. One dielectric barrier was present on the driven electrode and the mass spectrometer extraction orifice plate acted as the ground electrode allowing for in-situ measurements of the species arriving at the boundary. The filamentary discharge obtained in this DBD operated in a controlled environment where water vapour was added to the gas at fixed concentrations. To determine the effect that changing the operating parameters had on the discharge chemistry, the water vapour present within the discharge was varied from 0.055 to 0.5% (by volume) by increasing the helium flow into the bubbler and the inter-electrode spacing was varied from 0.25 mm to 2 mm. In addition to water concentration and inter-electrode spacing the gas residence time and the applied power were also varied.
Experimental set-up
The atmospheric pressure discharge was generated in a parallel plate reactor, consisting of two metal electrodes with a dielectric disc of alumina (0.5 mm thick, 99.6 % alumina and dielectric constant 9.9) covering the driven electrode. The spectrometer was incorporated into the reactor as the ground electrode while the driven electrode was made of copper with a 2 cm diameter. The reactor was encased in a gas filled chamber of helium and water vapour; this allowed us to control the environmental condition present around the electrodes. The main carrier gas used in this case was helium (purity of 99.995%). Part of the total helium flow was diverted to a water filled bubbler at room temperature to obtain the required concentration of water entering the plasma reactor. The helium flow into the bubbler was fully submerged in the water to insure a good saturation of the helium with water vapour. This flow was controlled using MKS mass flow controllers. To control the amount of water vapour in the discharge, the required flow rate was calculated using the Antoine equation, Daltons law of partial pressure and mass balance equations. The main parameters affecting water vapour concentration are water temperature and helium flow rate. The error in the flow rate is less than 1%, while a change of ± 1 ºC in the water temperature results in an uncertainty of water vapour concentration of ± 6%. The discharge was powered using a high voltage (1.2 kV), sinusoidal 10 kHz power source consisting of a digital function generator, driving a commercial audio amplifier. A purpose built voltage step-up transformer was connected to the output to generate the required high voltages. A 1000:1 Tektronix voltage probe and Pearson current monitor were used to characterize the discharge power, which was varied from 0.1 W to 0.7 W. The average power delivered to the plasma reactor was calculated from the integral of the product of the time-dependent voltage and currents over one pulse duration, normalized by the repetition frequency, f (10 kHz) namely,
(
Here T is the pulse duration, V(t) is the applied voltage and I (t) is the input current [8, 28] . This simple calculation gives an upper limit of the consumed power at any applied voltage. Figure 1 for the measured current and voltage traces shows that about 20 % of total current is in the form of displacement current, the remaining 80 % of the total current constitutes the discharge current. The filamentary nature of the discharge can be seen, however poor oscilloscope resolution allow only a small fraction of the filaments to be displayed. Figure 2 shows a schematic of the experimental arrangement. chooses the most abundant ion in the discharge and tunes the analyser to get the best signal intensity. An extraction cone with 25 µm orifice was used in this experiment; this small aperture prevented penetration of the electric field from the first electrode behind the extraction cone into the discharge region as well as providing a continuous sheath across the orifice so preventing plasma penetration into the instrument itself. This reduced the chances of internal ion production and unwanted ion acceleration. The effective sheath thickness for similar plasma sources is in the range of 100 µm [27] .
Results and discussion
In the following sub-sections we will examine the influence of water concentration, residence time, interelectrode spacing and applied power on the intensity of ionic species in the discharge. Where results are presented as a function of relative yield (Y (%)), relative yield was calculated by dividing the count intensity of a specific ion (i) on the total count intensity of all the detected ions (Y (%) = Yi × 100 / ∑i Yi).
To reduce error in the relative yield, ten separate scans of each spectrum were obtained and averaged.
The standard deviation of the relative yield for any of these species was less than 1 % and so can be considered marginal.
Influence of water concentration on negative and positive ions composition
Mass spectrometry measurements using RGA and SIMS modes were carried out to characterize the neutral and ionic species in the gas mixture, respectively. Neutrals were measured before initiating the plasma, while ionic species were measured in the active plasma region. The predominant neutral species in the gas feed shown in figure 3 were helium and water. Trace amounts of nitrogen, oxygen and carbon dioxide were also detected indicating the presence of a small leak from the surrounding atmosphere into the environment system or possible impurities in the helium gas cylinder. [27] for the effect of water concentration on positive and negative ion production. It should be noted that no helium ions were detected; this is thought to be due to the presence of water vapour in the system. Similar observations were made by Bruggeman et al. [27] and Martens et al. [29] . Martens et al. reported that the presence of any impurity above 1 ppm in a helium discharge leads to the domination of these impurity ions over helium ions.
Negative ions are thought to be produced through two main pathways: dissociative electron attachment and ion-molecule attachment processes [25, 30] . The main reactions leading to the formation of the detected negative ions are:
1-Dissociative electron attachment [31] [32] [33] :
2-Ion-molecule reaction process [33, 34] : Clear trends in both positive and negative ions were observed depending on cluster size. The relative yield of clusters with n ≤ 3 decreased with increasing the water concentration and increased for n ≥ 7. For n = 4 to 6 a gradual change in the ion yield occurred. The relative yield of these clusters increased with increasing water concentration to an optimal point and then gradually decreased as water concentration increased further. To simplify the graphs, these water clusters were not plotted in figure 6 . This behaviour could be explained by an increase in the formation of larger clusters by ion-molecule reaction processes between smaller ionic clusters and water molecules as shown in reactions R5 and R9. 
Influence of plasma residence time
The effect of gas residence time on the formation of negative and positive ions was investigated. The residence time was controlled by changing the total gas flow rate entering the reactor. Varying the total gas flow rate from 0.8 to 5 slm gives a residence time between 10 and 1.7 ms, respectively. Water concentration, inter-electrode spacing and applied power were fixed to 0.3 %, 0.5 mm and 0.2 W, respectively. Figure 7 shows the effect of residence time on the intensity of
clusters. Results show that increasing the residence time leads to a decrease in the relative yield of large water clusters (i.e. n ≥ 6), accompanied by an increase in the relative yield of small water clusters (i.e. n ≤ 4). In the case of 5 2 ) ( O H OH  negative ions, no significant change in the relative yield was observed. This is thought to be due to equilibrated loss and production mechanisms under the present experimental conditions. When the residence time is long, significant fragmentation of large clusters occurs; this is thought to be due to the increased number of collisions occurring. The breakdown of large clusters to smaller clusters can be represented by the following reactions [33, 38] : Initial measurements of the gas temperature at the sampling orifice showed no change in the gas temperature as a function of power, indicating that the thermal decomposition of water clusters is not a contributing factor in this case. The chemistry of the ions that leads to these changes is not fully understood and more work still needs to be done to gain further understanding. 
Influence of inter-electrode spacing
The effect of the inter-electrode spacing on the formation of negative and positive ions was also 
Conclusions:
Negative and positive ions generated in the active plasma of atmospheric pressure parallel plate DBD reactor have been identified. The influence of several operating conditions of water concentration, residence time, applied power and inter-electrode spacing on the chemistry of ionic species in helium and water gas mixture were investigated. The dominant negative ions formed in the active discharge were clusters decreased with increasing the applied power, while more work is still required to gain further understanding of the positive ions response to applied power. At electrode spacing greater than 0.75 mm, there was no change in the intensity of ionic species due to the contradictory effect of the residence time and power density. This investigation is the first detailed in-situ analysis for an atmospheric-pressure DBD plasma using mass spectrometry. The comprehensive study of the effects of process parameters on the plasma chemistry has given greater insight into the formation of water clusters in a helium dielectric barrier discharge, and demonstrates the effectiveness of the measurement technique for such studies. Future work is directed towards investigating the ionic chemistry produced in atmospheric pressure nitrogen plasma in the presence of precursors.
